Background: Organ demand for liver transplantation (LT) is constantly increasing. Split liver transplantation (SPLT) is an ideal option for increasing the number of available liver grafts for transplantation and ameliorating organ shortage to a certain degree. However, SPLT for two adult recipients is still not broadly applied. Methods: We retrospectively analyzed the outcomes of SPLT for adult recipients at a single center. All donor, recipient, and transplantation factors were thoroughly investigated to clarify factors affecting patient outcomes after LT. Results: One hundred consecutive adult SPLTs were performed during the study period. Early mortality and 1-year mortality occurred in 21 and 31 recipients, respectively. On multivariate analysis, graft weight (p = 0.036, odds ratio = 0.99, 95% confidence interval = 0.98-0.99) was the independent risk factor associated with early mortality; however, no factor was significantly related to 1-year mortality. On receiver operating characteristic curve analysis, a graft weight of 580 g was identified the cutoff for stratifying outcomes. Recipients transplanted with a graft weighing ≥580 g had significantly better outcome as compared with other recipients (p = 0.001). Moreover, SPLT remarkably provided a better survival benefit for recipients than those on the LT wait-list (p < 0.0001). Conclusions: Given the considerable incidence of wait-list mortality, SPLT for two adult recipients should be encouraged whenever possible to increase the donor pool and benefit patients awaiting LT. Nonetheless, caution should be taken with a smaller graft weight owing to the risk of early graft loss.
Introduction
Since the first liver transplantation (LT) a half century ago, LT has evolved into a common operation in many transplantation centers nowadays. [1, 2] With the growing experience, this highly complex operation has become more feasible and has achieved satisfactory outcomes owing to advances in surgical techniques and perioperative patient care. However, there remain several unmet needs for improving the overall perspective of LT. Most important, there is a persisting shortage in the availability of organ donations for LT. The gap between organ donation and the demand for transplantation is constantly widening, and the scarcity of liver grafts is one of the main obstacles to LT. Therefore, living donors have become an alternative source of liver grafts for transplantation in order to overcome this problem. Although living donor LT (LDLT) has been increasingly performed, efforts to maximize the utilization of organs from deceased donors are still needed. Accordingly, split LT (SPLT) has been introduced as an ideal option for enabling LT in which one donor could benefit two recipients, and this method might also help ameliorate the organ shortage to a certain degree.
SPLT was initially proposed as a method in which an adult liver graft is divided into a smaller graft for a pediatric recipient and a bigger graft for an adult recipient [3] . To date, this remains the main approach in SPLT by which excellent outcomes can be expected [4] [5] [6] . Meanwhile, SPLT in which one liver is divided into two full (left hemi-liver and right hemi-liver) grafts for two adult recipients has also been performed [7, 8] . However, splitting the liver during graft procurement is technically more challenging than transplanting the whole liver. In addition, the many potential complications after SPLT remain a matter of concern [9-11]. Therefore, SPLT for two adult recipients is still not common practice.
Nonetheless, deceased organ donations for LT are extremely scarce in Asian countries, including Taiwan [12] . Thereby, SPLT may be a promising strategy to expand the donor pool in order to mitigate organ shortage and provide an additional opportunity for LT in adult patients. As previously reported from the institute, the initial results showed that SPLT for two adult recipients was feasible and comparable with those of LDLT in the current Model for End-Stage Liver Disease (MELD) era [13] . Therefore, in this study, we gathered more experiences and retrospectively analyzed patients who underwent SPLT at a single center in the setting of scarce organ donations. Additionally, prognostic factors associated with patient outcomes and the beneficial effects of SPLT in patients were examined through all donor, recipient, and transplantation factors. This study also aimed to provide additional information for guiding decision-making and optimizing strategies in SPLT for adult patients.
Materials and Methods

Recipient Cohort
Among 1093 LTs, a total of 100 consecutive adult SPLTs were performed between July 2003 and June 2019 at our transplantation institute. All medical records of donors and recipients were retrospectively reviewed, and data were collected for analysis with approval from the Institutional Review Board of Chang Gung Memorial Hospital (approval no. 98-3794B). Owing to the retrospective nature of the study, the need for informed consent from patients was waived. The study protocol complied with the ethical standards established by the Declaration of Helsinki with respect to confidentiality of patient data. Importantly, no organs from executed prisoners were used in this study. Further, patients registered in the wait-list for LT and patients transplanted with a whole liver graft during the corresponding period were analyzed for survival comparison.
Donor Evaluation
Generally, the potential donor should be hemodynamically stable with acceptable cardiopulmonary function, no uncontrollable bacterial infection, and no malignant neoplasm. All potential donors were thoroughly evaluated for eligibility for liver donation with biochemical tests and hepatic ultrasonography. The donor should also have acceptable liver functional reserve and only mild fatty change in the hepatic parenchyma.
The decision to split liver grafts was based on the evaluation of the donor, evaluation of the liver graft, and recipient allocation from the national organ sharing program, as previously described [13, 14] . Briefly, the donor should have stable hemodynamics, well-preserved liver function, only mild fatty change in the liver parenchyma, and age between 15 and 55 years. The expected liver volume of split hemi-liver grafts was estimated by calculating the standard liver volume (SLV) [15] and using the equation that includes the maximum diameter of the portal vein, as described by our institute after 2011 [14] . According to the allocation system of the national organ sharing program, the first hemi-liver graft was allocated to the first priority recipient in the wait-list with the highest MELD score. The other hemi-liver graft was allocated to a size-matched recipient in the wait-list. Generally, the first priority recipient should have an estimated graft-recipient weight ratio (GRWR) of no less than 0.8%. Otherwise, the potential liver graft would be transplanted as a whole liver.
Liver Graft Preparation
Separation of the hepatic parenchyma for split liver grafts was generally performed in situ, as previously described, except for one case in which hemodynamic instability occurred in the donor during graft procurement [13] . During graft recovery, the liver was first inspected to evaluate the sizes of the right and left lobes, the anatomy of the hepatic artery, and the consistency of the hepatic parenchyma. Intraoperative cholangiography was routinely performed in all donors to determine the cut point of the left and right hepatic ducts. The venous tributaries of the middle hepatic vein (MHV) were assessed using intraoperative ultrasonography to demarcate the transection line that is usually along Cantlie's line, and the main trunk of the MHV and the caudate lobe were kept in the left hemi-liver graft.
All hepatic parenchyma transections were performed using the Cavitron Ultrasonic Surgical Aspirator (Valleylab Inc., Boulder, CO, USA), and the Pringle maneuver for inflow vascular control was not applied during hepatectomy. All vessels between the right and left lobes were divided, and the main tributary veins of segments 5 and 8 in the right lobe were temporarily clamped with bulldog clamps and released when graft perfusion was commenced. The hepatic parenchyma was split down to the anterior surface of the inferior vena cava (IVC) when possible, and the hepatic duct was divided. Subsequently, the liver graft was perfused with histidine-tryptophan-ketoglutarate (Essential Pharma, Newtown, PA, USA) solution and allowed to recover.
The right and left hemi-liver grafts were completely separated on the back table, and all vascular structures were divided ( Figure 1A) . Generally, the common hepatic artery was kept in the left hemi-liver graft and the IVC was preserved in the right hemi-liver graft. Meanwhile, the main tributary veins of segments 5 and 8 were reconstructed with a venous graft and also drained into the IVC of the graft. The venous drainage of the caudate lobe was reconstructed whenever size ≥3 mm to preserve graft volume and function, especially when GRWR was borderline as previously described from the center [16] . 
Recipients and Liver Graft Implantation
Generally, all potential recipients were routinely evaluated for laboratory tests of infectious microorganisms, color Doppler cardiac sonography, whole-body computed tomography (CT), and panendoscopy prior to list on the wait-list or transplantation. An informed consent document that detailed the indication and risk of LT were well explained to the recipient and were to be signed 
Generally, all potential recipients were routinely evaluated for laboratory tests of infectious microorganisms, color Doppler cardiac sonography, whole-body computed tomography (CT), and panendoscopy prior to list on the wait-list or transplantation. An informed consent document that detailed the indication and risk of LT were well explained to the recipient and were to be signed before transplantation. All recipient operations started with total hepatectomy with IVC preservation. The right hemi-liver graft was orthotopically implanted using the piggyback technique ( Figure 1B) . The left hemi-liver graft was either orthotopically implanted at the left abdominal cavity ( Figure 1C ) or heterotopically implanted into the right subphrenic space which is a method previously described by our institute and termed as "left at right LT" [17, 18] . Subsequently, the liver graft was reperfused after portal vein reconstruction. The hepatic artery was reconstructed using microscopic vascular anastomosis or the Carrel patch technique depending on the size of the artery of the graft. Finally, the bile duct was reconstructed through end-to-end anastomosis without T-tube stenting.
Postoperative Care and Statistical Analysis
After transplantation, all recipients were transferred to the intensive care unit for postoperative management. Biochemical tests and hepatic ultrasonography were performed at regular intervals. The postoperative immunosuppressive regimen consisted of a combination of methylprednisolone, tacrolimus, and mycophenolate mofetil and was adjusted according to the clinical status of the recipient.
The endpoint outcome measures were early mortality within 3 months, 1-year mortality, and overall survival (OS). The OS was calculated from the date of LT to the date of death or the end of the study, and all causes of deaths were counted as events. Survival curves were generated using the Kaplan-Meier method and compared using the log-rank test. Continuous variables were compared using the Mann-Whitney U test, and categorical variables were compared using the χ 2 test or Fisher's exact test, as appropriate. In order to include all important factors, variables with a p-value < 0.10 from univariate analysis were selected for multivariate analyses by enter procedure using logistic regression models. All statistical analyses were performed using the statistical software SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) for Windows. A p-value of <0.05 was defined as statistically significant.
Results
Clinical Features of Donors
In accordance with the organ donation regulation in Taiwan, all livers were procured after the donors were declared brain dead by specialists. None of the liver grafts in this study were procured from a donor with a non-beating heart. Table 1 summarizes the characteristics of all donors. A total of 108 hemi-liver grafts were procured from 54 donors, in which 9 donors were from the national organ sharing program that provided 14 hemi-liver grafts, and 45 donors from the institute that provided 86 hemi-liver grafts for SPLT in the center. The remaining 8 hemi-liver grafts were shared with other transplantation centers for LT. These donors consisted of 39 men and 15 women, with a median age of 27 years (range, 15-53 years). The major causes of brain death were cerebrovascular accidents in 29 donors (53.7%) and traumatic head injury in 17 donors (31.5%). The median hospitalization duration was 5 days (range, 1-36 days). There were 9 donors who had undergone cardiopulmonary resuscitation at hospital arrival and whose hemodynamics became stable thereafter. The median estimated SLV was 1274 mL (range, 929-1533 mL), and the median actual liver weight was 1380 g (range, 990-2100 g). The discrepancy between the actual liver weight and the estimated SLV ranged from -32.8% to +37.1%, with a median of -4.5%. Two hemi-liver graft 5 (10 hemi-liver graft) One hemi-liver graft 4 hemi-liver graft * Actual liver weights were the sum of left and right liver graft weight; CPCR, Cardiopulmonary Cerebral Resuscitation; CVA, cerebrovascular accident.
Outcome Analysis of Recipients
After SPLT, the median follow-up period was 17.2 months (range, 1 day to 196.4 months). During the follow-up period, 54 (54%) recipients were still alive by the end of this study. Early hospital mortality (from 1 to 86 days after LT) occurred in 21 (21%) recipients. Ten recipients died during the period from 3.6 to 11.8 months after LT. The remaining 15 deaths occurred 1 year after SPLT. Table 2 summarizes the outcomes in terms of early mortality, in which all factors with a p-value < 0.1 in univariate group comparison analysis, including graft type (p = 0.004), graft weight (p = 0.004), and GRWR (p = 0.054), were selected into multivariate analysis. The results of multivariate analysis showed that graft weight (p = 0.036, odds ratio = 0.99, 95% confidence interval [CI] = 0.98-0.99) was the only independent factor for the occurrence of early mortality.
Outcomes related to 1-year mortality were further analyzed. In this analysis, 11 recipients who did not complete the 1-year follow-up period were excluded. The results showed that four factors (p < 0.1)-graft type (p < 0.001), graft weight (p < 0.001), cold ischemia time (p = 0.039), and GRWR (p = 0.007)-were strongly related to 1-year mortality. Furthermore, multivariate regression analysis of these four factors revealed that only two factors-graft weight (p = 0.070) and cold ischemia time (p = 0.069)-showed borderline correlation with 1-year mortality ( Table 3) .
On the basis of the results of the analysis of predictors, graft weight was evaluated using the receiver operating characteristic (ROC) curve to determine the best cutoff point related to the outcome of SPLT. A graft weight of 580 g was identified as the most optimal cutoff point for stratifying outcomes. The area under the ROC curve was 0.71 (95% CI = 0.59-0.82) for early mortality. The sensitivity and 1-specificity were 71.4% and 30.3%, respectively. Furthermore, recipients who were transplanted with grafts weighing <580 g and encountered early mortality were analyzed. The clinical features and major events leading to early mortality for these patients are summarized in Table 4 . Of these, 7 recipients encountered graft dysfunction that was characterized by serum bilirubin ≥10 mg/mL on postoperative day 7 and prolonged cholestasis [19] and followed by complicated bacterial infections. Two recipients (No. 342, 426) had antibody mediated rejection with a clinical course as previously described [20] . One recipient (No. 126) had acute renal failure followed by hyperkalemia and unstable arrhythmia leading to death at 9 days after LT, and one recipient (No. 848) had HCV relapse followed by graft failure. Two recipients (No. 399, 1033) were mortalities because of pneumonia and intracranial hemorrhage after LT, respectively. One recipient (No. 790) was initially recovering very well with a normal graft function but subsequently developed acute graft-versus-host disease [21] , and one recipient (No. 978) died at the time of transplantation because of massive bleeding. 
Survival Analysis
The 1-, 3-, and 5-year survival rates in all recipients after SPLT were 68.3%, 60.5%, and 59.0%, respectively. In the corresponding period, 165 adult patients (132 men and 33 women) who had undergone LT with a whole liver graft and 995 adult patients (750 men and 245 women) who were registered in the wait-list for LT and had not received any type of LT were analyzed for survival comparison. Of those, 816 patients (82%) had no opportunity to undergo LT and died during the waiting period (range, 1 day to 115 months), among whom 593 patients (59.6%) died within 1 year of being in the wait-list. The remaining 179 patients were still awaiting LT (range of waiting period, 0.4-136 months) by the end of this study. The 1-, 3-, and 5-year survival rates of patients in the wait-list were 40.2%, 16.3%, and 8.0%, respectively. The comparison of survival curves showed that SPLT remarkably provided a survival benefit for patients who had been indicated for LT and registered in the wait-list (Figure 2 , p < 0.0001). However, the survival curve of SPLT was comparable with whole liver transplantation, in which the 1-, 3-, and 5-year survival rates for whole liver recipients were 73.4%, 66.9%, and 66.9%. (Figure 2 , p = 0.198) The clinical features of patients who had listed in the wait-list or underwent LT is summarized in Table 5 . Significantly, patients who had undergone either SPLT or whole liver transplantation had a relative higher MELD score than that of patients in the wait-list. being in the wait-list. The remaining 179 patients were still awaiting LT (range of waiting period, 0.4-136 months) by the end of this study. The 1-, 3-, and 5-year survival rates of patients in the wait-list were 40.2%, 16.3%, and 8.0%, respectively. The comparison of survival curves showed that SPLT remarkably provided a survival benefit for patients who had been indicated for LT and registered in the wait-list (Figure 2 , p < 0.0001). However, the survival curve of SPLT was comparable with whole liver transplantation, in which the 1-, 3-, and 5-year survival rates for whole liver recipients were 73.4%, 66.9%, and 66.9%. (Figure 2 , p = 0.198) The clinical features of patients who had listed in the wait-list or underwent LT is summarized in Table 5 . Significantly, patients who had undergone either SPLT or whole liver transplantation had a relative higher MELD score than that of patients in the wait-list. The comparison of survival curves in patients after SPLT based on graft weight is illustrated in Figure 3 . As expected, recipients with a graft weight of <580 g had significantly inferior survival than recipients transplanted with a graft weight of ≥580 g. The OS at 1, 3, and 5 years was 82.7%, 72.1%, and 69.6%, respectively, in the larger graft group (≥580 g), whereas the corresponding OS was 45.1%, 42.1%, and 42.1%, respectively, in the smaller graft group (<580 g) (p = 0.001). provided a survival benefit for patients (p < 0.0001). No significant difference between whole liver transplantation (WLT) and SPLT (p = 0.198).
The comparison of survival curves in patients after SPLT based on graft weight is illustrated in Figure 3 . As expected, recipients with a graft weight of <580 g had significantly inferior survival than recipients transplanted with a graft weight of ≥580 g. The OS at 1, 3, and 5 years was 82.7%, 72.1%, and 69.6%, respectively, in the larger graft group (≥580 g), whereas the corresponding OS was 45.1%, 42.1%, and 42.1%, respectively, in the smaller graft group (<580 g) (p = 0.001). 
Discussion
This study describes the experience of 100 SPLTs performed in adult recipients at a single center in the setting of organ donor shortage. With the achievement of this milestone after a long evolution of the procedure, we aimed to thoroughly assess the beneficial effects and risk factors of SPLT in order to provide additional information for optimizing the strategies in this approach. Importantly, the results showed that graft weight was strongly associated with the initial success of SPLT. Further, 
This study describes the experience of 100 SPLTs performed in adult recipients at a single center in the setting of organ donor shortage. With the achievement of this milestone after a long evolution of the procedure, we aimed to thoroughly assess the beneficial effects and risk factors of SPLT in order to provide additional information for optimizing the strategies in this approach. Importantly, the results showed that graft weight was strongly associated with the initial success of SPLT. Further, SPLT for two adult recipients saved patients from the long waiting period for LT, which is characterized by a high mortality rate.
It is well known that extreme organ shortage is the most important hindrance to organ transplantation worldwide. Specifically, deceased organ donors are extremely scarce in the East Asian region. As a result, LDLT is increasingly performed nowadays to overcome the shortage of liver donations for transplantation [22] . However, splitting the liver into two hemi-liver grafts might be another promising strategy to maximally utilize an organ from a deceased donor as well to increase the donor pool for LT. Currently, the main approach in SPLT remains to divide a whole liver into a smaller graft for a pediatric recipient and a bigger graft for an adult recipient. Although splitting a whole liver into a full right hemi-liver graft and a full left hemi-liver graft for two adult recipients has shown promising results, this method is still relatively less performed than the aforementioned approach [23] .
Historically, a number of reasons may be responsible for the less frequent use of SPLT for two adult recipients. First, splitting the liver into two hemi-liver grafts during donor operation is technically demanding [24, 25] . Second, dividing a good quality graft into two marginal hemi-liver grafts might simultaneously endanger the two recipients [26, 27] . Third, the allocation of two split liver grafts could be a concern when the recipients are in two different centers [28] . Fourth, a considerable number of complications have been reported to be associated with dividing and sharing the vascular and biliary structures between full right/left hemi-liver grafts [29, 30] . However, owing to the growing experience as well as the evolutions in the surgical technique and perioperative patient care for LT nowadays, these obstacles are no longer insurmountable. Although most of the previous studies included a small number of patients, the overall number of SPLTs for two adult recipients is increasing [23, 31] .
Additionally, the allocation system and accessibility of the transplantation facilities are important considerations with respect to the practicability of SPLT. Generally, SPLT for a pediatric recipient and an adult recipient is better accepted by most transplantation programs when the split liver grafts are allocated to two different centers. On the other hand, most transplantation centers are reluctant to use leftover hemi-liver grafts gained from SPLT for two adult recipients. In such circumstances, trust and collaboration between different centers are essential for successfully sharing hemi-liver grafts. Currently, there is no formal allocation system, particularly for sharing hemi-liver grafts from SPLT between transplantation centers in Taiwan. As a result, 46 pairs of SPLTs were performed at our institute and only 8 hemi-liver grafts were shared with other transplantation centers.
However, the accessibility of the facilities in terms of space and manpower might provide a large challenge to performing SPLT for two recipients at the same time. Accordingly, three teams need to be activated for simultaneous organ procurement and recipient operations. There were only four transplantation surgeons at our institute by the year 2008; however, the number has doubled to date. Although the outcomes of SPLT were obviously not affected by the different eras before and after 2008 in this study, the greater number of transplantation team members largely provided relief to surgeons from the stress of the transplantation operations. Moreover, sleep deprivation and fatigue have been concerns with respect to physician performance and patient outcomes. [32, 33] . Thus, this study also compared the time of transplantation and the patient outcomes, and no significance was observed between daytime and nighttime transplantation in terms of recipient mortality. This reflects the consistent performance of LT and the feasibility of practicing SPLT in the transplantation center during the study period.
Nonetheless, although the surgical technique may be the most important factor for the accomplishment of LT, there remain several concerns affecting the long-term graft and patient survival. Generally, determining the feasibility of LT usually starts from donor and recipient matching, and GRWR has been a common indicator for assessing the suitability of a partial liver graft for transplantation. Although a minimum GRWR of 0.6% could be successfully utilized in LDLT, a GRWR ranging from at least 0.8% to 1.0% is recommended for split liver grafts from deceased donors [13, 24, 34] . However, GRWR is probably not the only factor related to patient outcome in SPLT, as graft failures have also been reported in cases of both high and low GRWRs [35, 36] . In line with those reports, GRWR was not a significant factor associated with graft loss in SPLT for two adult recipients in this study.
On the other hand, graft weight was a significant factor leading to early mortality in adult SPLT in this study. Although many equations were utilized for calculating the SLV, none of them were able to estimate the true liver volume and weight. Generally, liver volume is not equal to liver weight because many factors could affect the specific gravity of the liver. This discrepancy was observed not only in this study but also in other previous studies [37, 38] . To our knowledge, no efficient method could precisely predict the liver graft weight before liver recovery. Therefore, hemi-liver grafts from the split liver of a deceased donor may not match the intended adult recipients.
The limitation of the study might be its retrospective nature with a small number of patients. Although SPLT for two adult recipients was performed whenever possible, the number of patients remain small because of the scarcity of deceased donors during the long study period. Additionally, this study might be considered impractical in the clinical setting despite establishing a cutoff graft weight (580 g). Meanwhile, the odds ratio of a smaller graft for early mortality is only 1% to 2% difference in the study. Although the study cautions that a graft weight less than the cutoff value may pose a risk of early graft loss, SPLT should not be discouraged under this concern. Moreover, the small-for-size problem might be overcome in the near future owing to the growing knowledge and experience of small grafts. Although the outcome of SPLT was comparable with that of whole liver transplantation in this study, the overall outcome might be criticized for the inferior survival as compared with the outcomes of other reports from whole liver transplantation. However, the important observations might provide additional information for guiding decision-making in the selection of a suitable deceased donor for SPLT to two adult recipients.
In summary, LT has evolved into a common operation with satisfactory outcomes nowadays. However, SPLT for two adult recipients is still not a popular practice worldwide. Given the considerably high incidence of wait-list mortality, SPLT for two adult recipients should be encouraged to increase the donor pool and benefit patients awaiting LT. 
